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ABSTRACT

The absolute differential production efficiencies [photons/(eVv-sr-
electron)] for x rays emitted from each of three transition radiators
Were measured for incident electron~beam energies of 17.2, 25, and
54 Mev. The radiators uere made of stacks of 1.0-um-thick foils:
18 foils of beryllium, 18 foils of carbon, and 30 foils of aluminum.
The radiation spectra were most intense betueen 0.5 and 2.5 keV, peaking
at 0.8, 1.3, and 1.3 keV, respectively. The angular distribution of the
trangition radiation from the beryllium foil stack was measured for the
three electron-beam energies and found to agree uwell uith theoretical
predictions. Ouing to K-shell absorption, the photon-energy spectra
from the carbon and aluminum stacks are narroued. Theoretical
calculations, shich include both the tuo-surface interference and photon
attenuation in the foil material, agree uell uwith these data. A method
of enhancing output using a split-foil stack is considered; cursory
experiments with a split stack of mylar foils shoued enhanced emission.

The use of transition radiation as a source of x rays for lithographic

purposes may be practical.




I. INTROOUCTION

Transition radiation,'"? the production of photons when charged
particles cross the interface betueen tno media, has been applied to
high-energy particle detection because the total x-ray output is
direotly proportional to the energy of the particle.' Indeed, a number
of experiments have been conducted wuwith periodic radiators and
ultrarelativistio electrons.¥-7, In recent work, it has been shoun that
medium-energy electrons (10 - 100 MeV) generate transition-radiation
spectra that are rich in 0.9 - 5-kev x rays. Houever, in these
measurements,®-!'! only the relative photon intensities were measured and
the lowest electron-beam energy uwas 66 MeV. With the rationale\ of
performing absclute measurements of the differential production
efficiencies at louwer electron energies, we have conducted experiments
with multiple-foil targets of beryl!lium, carbon, and aluminum with 17.2,
25, and 54 MeV electrons at the Laurence Livermore National Laboratory
Electron-Positron Linear Accelerator. The measured energy spectra and
angular distributions for the stgted -conditions are in agreement with
theoretical caloulations. A brief account of one aspect of this work
(the confirmation of interference at the interfaces of a single foil)
will be published elseuhere.!2

The transition radiation produced per electron is at least tuo orders
of magnitude greater than for synchrotron radiation. Electrons of
relatively louw energy (S MeV ¢ E ¢ 50 MeV) can produce transition
radiation, uhereas greater currents of much higher-energy electrons are
needed to produce an equivalent amount of synchrotron radiation at the

same wavelength. Because of the efficiency of transition-radiation




production and the availability of medium-energy electron sources,
'applications in areas such as x-ray lithography, microscopy, and
ultrafast relaxation processes appear to be very attractive. Over a
restricted energy range, the peak spectral brilliance (photons/sec-mm2-
mrad?-ev¥) of a transition-radiation source produced by a linac with
subharmonic bunching (uith =« 20-ps beam bursts of several hundred

amperes peak current) rivals that of a synchrotron bend-magnet source.




II. THEQORETICAL PROPERTIES OF TRANSITION RADIATION

A. Differential Productijop Efficiency

The theory of transition radiation uwas first reported by Ginzburg and
Frank,! with further developments by Garibian2 and Ter~Mikaelian3.
Excellent descriptions of transition radiation properties for
ultrarelativistic electrons (E > 1GeV¥) are given by Ter-Mikaelian and
Ccherry et al.'3,'% The following parallels their descriptions. While
the transition-radiation formulae are rather complicated, some
properties can be deduced by inspection as limiting cases.

Transition radiation occurs when a moving charged particle encounters
a sudden change in dielectric oconstant at the interface betueen
dissimilar media (e.g. betueen a vacuum and a solid). Ordinarily, a
particle which moves uith constant velocity does not radiate unless it
is in & refractive medium and the particle velocity is equal to the
phase velocity of an electromagnetic uave along the direction of motion
- as is the case for Cerenkov radiation. However, if the interaction
length is limited, or equivalent)y. if the dielectric constant changes
suddenly, then velocity matching is not necessary. The minimum distance
over uhich an electromagnetic smave and a charged particle can exchange

energy is called the formation length, and is given by

oC1 - BJe; - 8in20)

(N

2% =

1 - (wj70)2 are the permittivities

(1 - B2)~172, ;1 = 1,2)

where ¥

of the tuo media, wj are their respective plasma frequencies, T is the

photon energy, B = v/c, v is the speed of the electron, ¢ is the speed




of light, and @ is the angle of emission. MKS units are used in this

paper.

For relativistic electrons B = 1 and 8in® = @, so that

48X
(2)

Z; &
(177)2 + 82 + (wjzw)2

where X = ¢/7w. In this paper, @ ¢ 5 keV and 22 ¢ 1 um. As uWill be seen

later, it is important for the foils to be thin so that x rays are not
strongly absorbed.

In traversing the interface the number of photons per unit time

emitted by an electron is proportional to the dot product of the

particle velocity and the electric-field strength. For a single

interface Ginzburg and Frank! calculate the differential production

efficiency for transition radiation as

d2Ng wsin20
[ﬂ ] (24-22)2 . (3)
1

dfitidew 6wZc?

where the fine-structure constant ¢ = 17137 and Z4 and 22 are given by

Eq.(1).

From Eq. (3), transition radiation from an electron crossing a single
interface is most intense at Oopt, the apex angle of a cone given by!?
1

Gopt & — [J(81+Sz)2+125181 - (81+83)] (4)
3

where 6;¢i = 1,2) = [(1/7)2 + (wjzw)2]r2. In general, @2 )) Wy, wuhere

wq is the plasma frequency of the medium in uhich the foils are




immersed. For the case of a foil .stack in vacuum, wqy =0 and
B8opt 2 17Y. This is illustrated schematically in Fig. 1, which, for the
purposes of clarity, exaggerates the size of the angle.

For a single electron crossing M foila (2M interfaces), each of
thickness Rz and each separated by a spacing AZ4, the differential

production efficiency isto-12

d2N ZNg
= “] 48in2(L2723) F(M,X) ' 14-)]
ddw dftd

where

1+exp(-Mo)-2exp (~-Mo/2)cos2MX
(8)

F(M,X) =
{+exp(-0)-2exp(~-0/2)cos2X

and ¢ = Bqfq + p2f2, X = (Rq724) + (R2722), and g4 and pp are the linear
absorption coefficients of the spacing and foil media, respectively
(rqy = 0 for vacuum spacing).

Note that the second term in Eq.(5), d4sin2(R2/Z;), accounts for
coherent addition of amplitudes from the tuo interfaces of a single
foil, and gives a peak value tuice as large as.from tuo inteéfaces when
the emission is completely random. This occurs wuwhen there is
constructive interference betueen the waves generated at the front and
back (upstream and dounstream) interfaces.!?'"!? The radiation intensity
is maximized when the thickness of the foil is such that both the

electron and the photon travel an integral number of wavelengths in the

field generated at the first interface.



At high photon energies, where x-ray absorption is small or

negligible (¢ = 0),

sinZMX
F(M,X) 2 .
sin2¥

N

When the spacing betueen the foils R4 exceeds the formation length of
the gap material 2Z4. F(M,X) varies rapidly compared with the single-
interface term given by Eq.(3), and the peak spectral intensity is found
to vary as the square of the number of interfaces when X = nw and n is
an integer.

When the intensity varies rapidly with both photon energy and angle
[see Egq. (7)], the radiation maxima might be difficult to resolve.
These variations are averaged when the detector has lou resolution in
both solid angle and energy. In addition, the angular distribution is
broadened because of both the finite electron-beam dimensions and-
multiple scattering. lhen the periods of F(M,X) are not experimentally

resolvable and the absorption of the emitted radiation in the foil

material is not negligible, Eq.(6) hecomes

1-exp(-Mo)

FIM,X)Y & —————ee (8)
o
Equation (5) now can be uritten as
"~ d2N [:] 1-exp(-Mo) 25023]3
€ |=
dftde ¢ nw2
(9)
sin2(R2/22)8in28
X .

[C179)2402)2[ (1/77)2482+(uy/0)2 )2




We have used this expression for the differential production efficiency

in our experimental analysis belou.

We see, from Eq.(8), that when Mo >> 1 the asymptotic value for F is
1706(w), and that beyond 2/0 foils the radiation intensity cannot be
increased significantly by adding more foils. Thus, to optimize 1-keV

photon production from a stack of 1-um-thick beryllium foils, 16 foils

are adequate.



B. Spectral Shape

The shape of the transition radiation spectrum Isee Eqs. (5-9)] is
determined by three main factors: (a) the absorption of the emitted
radiation in the foils; (b) the critical photon energy twe = Yhwz, above
which the spectrum falls off as (w2/0)%; and (¢) the constructive
interference betueen the tuo interfaces of a single foil. The effect of
these three factors is shouwn in Fig. 2, where the radiation intensity is
plotted as a function of photon energy for three cases: (10 for no
absorption; (2) for absorption but no single-foil coherence; and (3) for
both ahsorption and single~foil coherence present.

The absorption in the foils results in a reduction of the number of
louer-energy photons, uwhile ¢the falloff at the high-energy end of the
spectrum is determined by the critical energy Hwe. Efffeient production
of photons at a particular energy 1is dependent on the electron beam
energy, uhich determines huc. Above this energy, the spectrum is
proportional to w-‘. If beryllium, which has a plasma frequency of
24.5 eV, is used, then for the critical photon energy to be greater than
1 keVv, the electron-beam energy mﬁst be greater than 20 Mev.

constructive interference betueen photons from the interfaces of a
single foil is expressed by the sin2(f,7Z;) term in Eq.(9). This gives
a factor-of-two increase in the peak spectral intensity over that for
the nonresonant case, where the foil thicknesses are nonuniform.

With absorption, there is a foil thickness for which the photon flux

at a given energy is maximized. This feature is illustrated in Fig. 3,

where the number M of beryllium foils is kept constant while the foil

thickness is varied. Both the photon energy of the spectral peak and

- 10 -




its magnitude depend upon foil thickness. Houever, as can be seen from
‘this figure, the variation in intensity with foil thickness is not very

large, and hence the foil thickness c¢an be obtained roughly by setting

Ry ¢ (w72)Z; in Eq. (1), giving

Here the angle of emission 0 is taken to.be 177.

In general, the energy spectra produced by moat transition radiators
are broad, as shoun 1in Fig. 4a for beryllium. There are tuo mays to
obtain a narrouer spectrum. One uay is to use the single-foil or
multiple-foil coherence effect.'!-'? The other way is to choose the
material of the foils so that the spectrum is narroued due to the sudden
change 1in x~ray absorption at the K-photoabsorption edge(s) in the
material. This case is illustrated in Fig. 4c for aluminum, uhose.K
edge. is at 1.56 keV. The increase in absorption above the K edge
results in a narrouer energy spectrum than would otheruise be observed.
If a detector uith 1low energy resolution suere used to detect this
radiation (as uas the case for the present experiment), then the
spectrum would be smoothed, as is shoun by the solid curve in Fig. d4e.

For carbon, which has a K edge at 2384 eV, ue expect a significant
decrease in the emergent photon flux just above this energy. The
predicted intensity spectrum is shoun in Fig. 4b, where again the
spectrum is shoun both with and without the energy resolution of the
detector taken into account. The decreased photon absorption belou the

K edge results in a narrou peak at approximately 270 eV.

- 11 -



C. Production Efficiency from Lower Eneray Electrons

There are many practical advantages in obtaining transition radiation
from electron beams with energy less than 20 MeV. Chief among these is
that such sources are available at relatively lou cost. Also, medium-
or low-energy accelerators can have extremely high peak currents, as is
the case of field-emission Marx-bank accelerators.

The differential production efficiency [in photons emitted per unit
solid angle, from Eq.(9)] varies roughly as 72 for w ¢C Ywz, and thus a
small change in the electron-beam energy results in & large variation in
x-ray output per unit solid angle. In the data presented belouw, the
loseast electron-beam energy used uas 17.2 MeVv. For this case,
W Yy = 850 eV, and the decrease in the differential production
efficiency scales somewhat faster than 7-2,

As compared with the differential production efficiency, the total
photon flux varies more slouly uith 7. This can be seen by integrating

Eq.(3) over solid angle to obtain the number of photons emitted per unit

frequency per electron per interface:

dN 2a 1 1

— [;;] [[— + -] AnCl + b) - l] (1

dw 2 b
where b = (Yw2/w)2. When b 2> 1 (w < Y02), the photon flux per unit
frequency [Eq.(11)] is proportional to &n ¥; thus, a large variation in
the electron-beam energy results in a relatively small change in the
lou-energy photon production efficiency. For relatively low-energy

heams, as for the 17.2-MeV case, @ = Ywz, and the total photon flux is

roughly constant (1.6 X 10°5 photons/10 X banduidth).

- 12 -




The reduced differential production efficiency and the total photon
flux from lower electron-beam energies can be offset by the large
current densities which are available from lou-energy accelerators. The
lowest photon-energy peak observed from the carbon foil stack uwas at 270
eV. A 5-MeV electron beam could be used to produce this peak because
the condition for efficient photon production that o < ywz; still is
satisfied. Since relatively inexpensiQe high-current field-emission

Marx-bank accelerators are available at this energy, high fluxes of soft

x rays could be produced.

- 13 -~



D. Increasing the Intensity of Jransition Radiation

The intensity of transition radiation from a foil stack can be
increased by allowing some of the x rays to leave the stack before too
many foils are encountered. The number of foils then could be
increased, the maximum number nouw being limited by the multiple
scattering of the electrons in the foils. Such a scheme is shoun
schematically in Fig. 5. The electron beam is steered by approximately
one beam diameter into the transverse dimension of the foil stack. The
x rays generated in the upper half of the radiation cone will leave the
stack, while x rays in the louwer half will be emitted largely from the
lagt few foils (of total thickness 2/¢). The spacing betueen the foils
can be adjusted so that the number of foils encountered by a photon in
the upper half plane is less than 2/¢. From simple geometric
considerations, the spacing betueen foils should be R4 = d/7(MBopt) =
ord/2, uhere d is the diameter of the electron beam and R4 >> R3. For
1-um-thick beryllium foils, and using a 1~-mm~diameter, 54-MeV electron

beam, the minimum spacing betueen foils in order to allou 1-keV photons

to escape uould be = 6 mm.

- 14 -




III. EXPERIMENTAL APPARATUS AND PROCEDURE

Our experiments were performed with the Lawrence Livermore National
Laboratory Electron~Positron Linear Aecelerator; A schematic diagram of
the experimental apparatus is shoun in Fig. 6. The electron beam, after
passing through the foil stack, wuwas deflected by a sueeping magnet
through an angle of 90° into a S5-m-deep dump hole in the floor. The
transition-radiation photons uere detected wuith a gas-flou x-ray
proportional counter. Several foil stacks were mounted on a platform
that could rotate each of them into the electron beam without the
necessity of breaking the vacuum. A ZnS(Au) phosphor target, used for
the atignment of the electron beam relative to the target chamber, also

uas mounted on the rotatable platform.

A 127-pum-thick aluminum foil located dounstream from the sueeping
magnet (see Fig. 6) cou!d be inserted into the beam pipe to absorb the
soft photons generated 1in the foil stack while still allouwing the hard
background photons (o 2 10 keV) to be transmitted. This eﬁabled us to
measure the background radiatiop under nearly identical experimental
conditions. The background measured in this uay was subtracted to
obtain the data presented here. | '

The electron-beam current which passed through the foil stack uas
monitored with a thin, large-area plastic scintillation detector uwhich
intercepted the electrons in the dump hole. The scintillation detector
was calibrated with a Faraday cup. Its response was measured for
electron-beam currents ranging from 0.1 pA to 10 nA; the present

experiments were performed nith beam currents ranging from 0.01 to 10

PA.



A block diagram of the data-colliection electronics is shoun in
Fig. 7. The mul tichannel analyzer (ﬁcA) received signal pulses from a
charge-sensitive amplifier connected to the x-ray detector. Coincidence
gating with the electron-beam bursts eliminated extraneous background
counts. Photons were counted until a fixed amount of beam charge had
passed through the foil stack. This was accomplished by using a scan
controller to count pulses from a voltage-to-frequency converter (VFC).
The input of the VFC was the voltage output from an electrometer, which
measured the output current of the beam monitor. When the desired
number of VFC pulses had been received, the scan controller inhibited
the coincidence pulse generator. This alloued the various spectra to be
normal ized to each other despite any fluctuations in the beam current.

A gas-flouw proportional counter uas used to detect the soft x-ray
emission. This detector had a thin (35 pg/cm?) VYNS windouw supported by

a Wire mesh. The x rays entered a 3 x 10-mm slit, with the long

dimension paralle! to the anode wire. The counter had a 2.2-cm inside

diameter. For most of the experiment-the detector gas uas a mixture of .

90X argon and 10X propane (P-10 gas) at a pressure of 275 torr. In
order to observe the lou-eﬁergv transition radiation from carbon as well
as to obtain higher efficiency at = 3 keV, the P-10 gas uis replaced by
902 neon and 10X propane, also at 275 torr.

The detector system was calibrated using an 5%Fe radiocactive source,
which emits 5.89-keV x rays. The 2.89-keV argon escape peak also uas
observable and uas used for calibration of the MCA. The resolution of
the detector was measured, using the 55Fe source, to be 12.5% at 5.89

keV, and wuas assumed to vary inversely wuith the square root of the
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photon energy. The data presented in the following section were divided
by calculated detector efficiencies which also accounted for photon
absorption in the windou.

The detector could be translated over a distance of 14 cm. The
direction of motion was perpendicular to the beam line.. allowing the
transition-radiation cone to be scanned as shoun in Fig. 8. A small
shift Ay of the detector slit relative to the horizontal axis of the
beam line effectively narroued the observed radiation cone. This uas
corrected for in the analysiQ of the data. The maximum angle of
emission that could be measured was approximately 33 mrad, ‘and was
defined by the 10-cm diameter beam pipe.

The counting rate uas kept belou 0.1 event per electron~beam pulse in
order to reduce the registration of sum pulses (two or more events
occuring during the same beam pulse). The pulse-repetition frequency of
the linac was 1440 Hz; thus, in 10-15 min we wWere able to acquire
spectra with good statistics.

Three radiator stacks, of beryllium, carbon, and aluminum, were used
during the experiment. The diameiers of these foils were 1, 2.54, and 1
cm, respectively. The 1.0-pm-thick metal foils of beryllium and
aluminum were mounted on spacers 1.5 mm thick, while the 1.0 pm-thick
carbon foils were mounted on 0.75-mm-thick spacers. These dimensions
were chosen to maintain adequate support of the delicate foils, and to
prevent flexure.

A special stack of 28 mylar foils of thickness 1.5 pm also wuas
constructed in order to obtain enhanced emission in half of the

radiation cone, as shown in Fig. Sa. The mylar was stretched over half

- 17 -



of a 2.54-cm-diameter hole, as shoun in Fig. 5b. The spacing betueen

.the foils was 5 mm. Mylar was used because it is durable and does not

tear easily when stretched.




IV. EXPERIMENTAL RESULTS

A. Photon-Enerqy Spectra

The rau data for the beryllium foil stack at 54 MeV are presented in
Fig. 9. The tuo spectra shoﬁn were obtained with and without the 127-um
aluminum foil present (see Fig. 6 and the discussion in the previous
section). With the 127-pum foil inserted, the soft transition radiation
was blocked and a background spectrum wuas cbtained. The background
spectra measured in this wuway uere subtracted to obtain the data
presented here. The background in every case uas small, as can be seen
from this example.

The absolute differential production efficiencies for transition
radiation from an 18-foil beryllium stack for 54-, 25-, and 17.2-MeV
incident electrons are shouwn in Fig. 10, and are compared umith the
curves calculated with Eq.(9), Since the data have been plotted on a
logarithmic scale, the radiation peaks seem less pronounced than those
shoun in the calculated linear plots of Fig. 3. The slight deviation
from the calculated values on the lo;-energv side of the spectrum is
attributable to uncertainty in the background subtraction at very lou
photon energies. The data match the calculated values within the
experimental uncertainty of the measured incident electron +lux,
typically § X.

The absolute differential production efficiencies for transition
radiation from a stack of 18 carbon foils for electrons of 54, 25, and
17.2 MeV also were measured, and are compared with calculated curves in
Fig. 11, The accuracy wnith which the experimental data match the
calculated values verifies the coherence effect between single-foil

interfaces prediocted by Eq.(5).12
-19-



Both Figs. 10 and 11 shouw the dependence of the emission intensity
per unit solid angle upon electron energy. The radiation intensity near
1 keV decreases by roughly a factor of ten suhen the electron-beam energy
decreases by a factor of tuo. Also, the emission decreases rapidly as
thé photon energy exceeds the critical frequency rfwz.

For most of these measurements, the noise threshold was 0.4 kev, and
the 270-eV peak in the carbon spectrum eoﬁld not be-observed. In order
to observe this peak, the noise threshold wuas louwered to 0.2 kev by
using the second gas mixture, of propane and neon, uwhich provided higher
gain. In the resulting spectrum, shoun in Fig. 12b, the hiéh-energv
side of the carbon K-~edge peak is seen clearly. Thi; spectrum is
compared uith the measured beryllium and aluminum spectra in Figs. 12a
and ¢, respectively.

Figure 12c shous the effect of photon absorption above the K edge of
aluminum at 1.56 keVv. Since the detector resolution is lou, the abrupt
increase in absorption is smoothed in the measured spectrum. The
spectral shape and the absolute differential production efficiency for
each of the three foil stacks are well matched by the calculated curves.
The physical parameters and the experimental resulis at 54 Mev for all
three stacks are summarized in Table I. [Note in Table I that hwpeak is

the measured photon energy of the radiation peak and FWHM is the full

uidth at half maximum of that peak.]




B. Angular Distributions

As illustrated schematically in Fig. 1, the angular distribution of
the flux from a transition radiator is conical in shape, and is a
function of both the plasma frequency of the foil material and the
electron-beam energy. For ultrarelativistic eleoctrons (¥ >> 1), the
peak angle is Oqpt = 177; houever, for medium—energy electron beams (as
were used in this work) the optimum angle of emission must be computed
from Eq.(4). The angular distribution of the radiation, for each of the
three incident electron energies, uas obtained by scanning the photon
detector perpendicular to the beam direction.

The results for beryllium are shoun in Fig. 13. The number of counts
from 661 to 1000 eV for the 54- and 25-MeV cases and from 506 to 5000 eV
for the 17.2-MeV case are plotted. In order to match the calculated
values to the experimental data, Eq. (9) was integrated over the stated
banduidth and over the solid angle subtended by the detector slit. The
calculated values also were corrected to include the vertical shift Ay
of the position of the slit relative to that of the horizontal plane of
the radiation cone, which uas obtained by normalizing the peak-to-valley
ratios of the calculated curves to the experimental ones. Because of
changes in linac operating conditions this varied from one run to the
next, as shoun in Table II. The curves so calculated, also shoun in
Fig. 13, match the experimental ones well for all three cases.

Table Il lists the measured angles of peak intensity (6 : A40)yqas
obtained from Fig. 13 and compares them uith the values of Ogpt
(calculated at fw = 800 eV), Bcale (taking into account banduidth, solid

angle, and Ay), and the value of 1/7. The table shous that the values
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of 8cale match the measured values well, The large apparent deviation

from 8opt for the 17.2-MeV case arises primarily from the fact that the

spectrum Was integrated over a very large energy interval.




¢. Enhancement of Irangition Radiation

An angular scan of the split stack of mylar foils also mas obtained
using the experimental apparatus shoun in Fig. 6 and the foil stack
shoun in Fig. 5. The beam energy was 54 MeV and the beam diameter uas 2
mm. The separation between foils uas 5 mm and the length of the stack
uas 14 cm. The number of foils was limited to 28 in order for the foil
stack to fit in the target chambe;. A longer stack of 100 foils or more
could be constructed, swhich presumably uould resuit in an increase in
intensity in the upper half plane of a factor of five or more.

The photon flux uwas integrated from 534 to 5500 eV and is plotted as
a function of angle in Fig. 14. The tigure shous the intensity in the
upper half plane to be a factor of 1.8 greater than that in the louer
half plane. Thus x rays are escaping preferentially from the foil stack
in the upper half plane, ;s one Would expect.

The stack was originally designed for a 1-mm beam to produce photons
at 1500 ev. The spacing for the foils uas calculated to be
Ry = vdo/2 2 5 mm. The eleetrqp beam was a factor of two larger than
expected, and the spacing should have been 1 ecm for 1500-ev photons.
However, the results clearly shou that the radiation can be enhanced in
the upper half plane.

The relative spectral intensity as a function of photon energy is
shoun in Fig. 15. The detector was placed at an angle of 9.2 mrad for

this run. Since mylar contains carbon, the decreased photoabsorption

belou the K-edge again results in a peak at 270 ev.
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V. AN X-RAY SOURCE FOR LITHOGRAPHY

Many scientific applications are possible with an intense,
monochromatic, easily tunable, foruward directed, polarized x-ray source.
Among them are microholography and microscopy. Perhaps the most
important technological application of soft x rays will be that of
submicron lithography for the production of high-density integrated
circuits.!'%,'? By decreasing the size of the circuit elements, the
amount of circuitry that can be placed on a single silicon chip is
increased. Present geometries typically have I.S-um-ﬁide conducting
lines. In order to produce finer lines, designers need new lithographic
methods. X-ray imaging appears to be one of the more execiting
possibilities. Submicron 1lines already have been produced with
conventional x-ray sources.

Based upon several considerations, including photoresist absorption,
contrast from masks, diffraction effects, and production of secondary
electrons, the optimum photon-energy range is from 500 to 2500 eV. our
measurements have established that transition radiation produced uith a
medium-energy accelerator is strongest in just this energy band. The
use of lower-energy electron beams can result in a source which is
competitive with conventional and synchrotron sources.

The most common photoresist that has been used for lithography is
polymethyl! methacrylate (PMMA), although other resists have been
developed with 10 to 100 times more sensitivity. The senéitivitv of the
photoresist is an important consideration because it determines the
amount of energy per unit area that must be absorbed, and therefore

determines the required exposure time, a key cost factor. Higher-
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gsensitivity materials have several disadvantages, the most important of
'uhieh is their relatively lou spatial r;solution. In designing an x-ray
1ithography source, a reasonable objectiv§ is an x-ray fluence of 250
mJzcm2, which corresponds to approximately four times the sensitivity of
PMMA.

An exposure time of 20 s is considered to be sufficiently short for
very-large-scale-integration (VLSI) fabrication, since the required
handling and positioning time is at least several seconds. For a
sengitivity of 250 mJscm?2, the corresponding poser density is 12.5
mW/cmZ. A water-cooled rotating-anode bremsstrahlung source can produce
about 5 W/cmZ-sr in the useful photon-energy range, which gives a power
density of « 0.2 mi/om? at a distance of 50 cm from the anode. This
pouer density is a factor of 60 loner than is needed. Synchrotron-
radiation sources can meet the desired intensity, but the requisite
high-energ} accelerators are large and .expensive machines, and
acoessibility to them is 1imited.

Using a 100-MeV accelerator with an average ocurrent of 600 pA, a
beryllium foil stack of 60 foils -uould produce the required 12.5 mW/cm2
at a distance of 1 m from the foil stack. Assuming that the foils lose
heat only through radiation, the foil uould reach a temperature of only
960°C for a 2-mm~diameter electron beam, which 1is well belou the
bervlliu;-melting point of 1278%C. Thus, the generation of a soft x-ray
beam suitable for 1ithography might very well be feasible, since both
electron and hard x-ray backgrounds are small. The prospect becomes

even more attractive if and when better x-ray resists are developed.




VI. CONCLUSION

We have measured the absolute differential production efficiency and
angular distribution of transition radiation from each of a variety of
foil materials, and we have shoun that relativistic electrons of
moderately lou energies can produce intense tranaition radiation. our
experimental values shou that the fundamental formulae, as presented
here and in Refs. 1~3 and 8-11, can be used to predict the salient
properties of soft x-ray emission for medium-energy electron beams. The
data also shou that there is coherence betueen single-foil interfaces.
This raises the emission 1ntensitv‘bv a factor of approximately two over
the values that would be predicted from purely random emission from each
interface. Some banduidth narrouing associated with K-edge absorption
was observed. For the aluminum stack, this resulted in an narrouing of
the x-ray spectrum of about 70 X when compared with that for a beryllium
stack, uhose spectrum does not encompass its K-absorption edge. For
the case of the carbon stack, a sharp peak at 270 eV results from the
presence of the K edge at 284 eV. Also, transition radiation was shoun
to be enhanced by a scheme that-allous part of the radiation cone to
* leave the stack before very many foils have been encountered. Finally,
transition radiation has many potential applications. One of the most

important, x-ray lithography, uwas examined briefly and was judged to be

feasible under appropriate conditions.
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Table 1. Parameters of the foil stacks and the experimental results.

Foil R2 Ra oy M K edge fHpeak FRHM/ fwpaak
material (um) (mm) (eV) (eV) (eV)
(a.) 54 Mev
Be 1.0 1.5 24.5 18 11 800 : 20 1.39 £ 0.03
c 1.0 0.75 27.0 138 284 1300 ¢ 20 1.20 £ 0.03
Al 1.0 1.5 31.0 30 1560 1300 = 20 0.67 £ 0.03
(b.) 25 Mev
Be 1.0 1.5 24.5 13 mn 800 * 20 1.18 £ 0.05
c 1.0 0.75 27.0 18 284 1000 * 30 1.33 £ 0.05
Al 1.0 1.5 31.0 30 1560 1000 * 15 0.95 £ 0.05
(c.) 17.2 MeV
Be 1.0 1.5 24.5 18 m 975 = 50 0.92 * 0.04
c . 1.0 0.75 27.0 13 284 1115 £ 50 0.88  0.04
Al 1.0 1.5 31.0 30 1560 1100 £ 30 0.88 * 0.03
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Table II. Comparison of measured and calculated values of the angle of

maximum emission for the three electron-beam energies using the

beryllium foil stack.

Energy 17y Oopt Banduidth ay Ocale (0 £ A0) gaas
(MeV) (mrad) (mrad) (eV) (mm) (mrad) (mrad)
54 9.4 8.2 661-1000 1.3 8.4 8.2 £ 0.5
25 20.0 14.8 661-1000 6.2 14.3 14.8 £ 0.5
17.2 28.9 20.0 506-5000 1.6 13.9 14.4 ¢ 0.5
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FIGURE CAPTIONS

Figure 1. Schematic diagram of the transition-radiation cone
produced by a relativistic electron beam passing through a stack of
foils. The size of the cone angle is exaggerated for clarity. For an
incident electron energy of 54 MeV, 6 « 40 =2 17y = 9.3 mrad.

Figure 2. The calculated differential production efficiency for
transition radiation from a single beryllium foil (tuwo interfaces) for
§54-MeV 1incident electrons. Three cases are shoun: (1) for no
absorption, (2) for abhsorption but no single-foil coherence, and (3) for
both absorption and single-foil coherence. Constructive interference of
the waves produced at the front and back surfaces of a foil results in
an increase in the spectral intensity over the single-interface case.
The angle of observation is 9.3 mrad.

Figure 3. The calculated spectral distributions from 18 foils of
various thicknesses of beryllium. The éleétron-beam energy is 54 MeV;
the spacing betueen the foils is much larger than the thickness of each
foil. The angle of observation is 9.3 mrad. The energy of the spectral
peak increases monotonically wuith foil thickness, whereas the peak
intensity reaches a maximum for a foil thickness slightly greater than
1 um.

Figure 4a,b,c. The calculated effect of K~-shell absorption on the
transition-radiation spectrum for 54-MeV electrons. Beryllium (a) has
no K-shell absorption edge wuithin the energy interval measured here,
while carbon and aluminum have K edges at 284 and 1560 eV, respectively.
Since there is a large increase in the absorption above the K edge, the

carbon (b) and aluminum (c) spectra are altered. The carbon spectrum
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shous a peak at 270 eV, belou the K-edge. The aluminum spectrum is
truncated above 1560 eVv. The spectra shoun by the solid curves include
the effect of the_detector resolution; the dashed curves do not.

Figure 5a, b. Trangition radiation from a split-foil stack. The
electron beam is steered one beam diameter into the transverse dimension
of the foil stack. The radiation is enhanced in the upper half plane.
The x rays generated in the upper half of the radiation cone will leave
the stack before M ¢ 2/¢ foils are encountered, while x rays in the
lower half uill be largely absorbed by the foils. Such a stack wuas
fabricated using 28 foils of 1.5-uq-thiek mylar, as shouwn in part (b).
The separation betueen the foils was 5 mm.

Figure 6. Schematic diagram of <the experimental apparatus. After
passing through the foil stack, the electron beam nas swept into a beam
dump in the floor. The radiation produced in the foils was detected by
a proportional counter located 1.45 m from the stack. A 127-pm-thick
aluminum foil could be inserted into the photon beam 1line to attenuate
the soft x rays. This made it possible to perform in-gitu background
measurements. -

Figure 7. Block diagram of the data-collection electronics. The
electron beam was deflected by the sueeping magnet through the large-~
area plastic scintillator uhich served as the beam monitor. Coincidence
gating was used, and photons were counted until a preset amount of
charge had passed through the monitor.

Figure 8. The position of the detector slit relative to that of the
radiation cone. The detector was translatable in the horizontal (x-

axis) direction, but not in the vertical (y-axis) direction. Thus, a
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small vertical displacement Ay of the slit position relative to that of
the horizontal plane of the radiation cone occurred, and the calculated
values for the cone angle had to be adjusted accordingly (see text).

Figure 9. Experimental energy spectra from a stack of 18 beryllium
foils. The louer data points (circles) represent background radiation
obtained uhen the 127-pm aluminum foil blocked the soft x-ray flux. The
data have been corrected for the variatfon with photon energy of the
detector efficiency.

Figure 10. The measured absolute differential production
efficiencies for transition radiation emitted by an 18-foil beryllium
stack for incident electron-beam energies of 54, 25, and 17.2 MeV. The
calculated curves are corrected for detector resolution. The detector
noise threshold was 0.4 keV.

Figure 1. The measured absolute differential production
efficiencies for the transition radiation emitted by an 18-foil carbon
stack for incident electron-beam energies of 54, 25, and 17.2 MeV. The
calculated curves are corrected for detector resolution. The detector
noise threshold was 0.4 keV.

Figure 12 a,b,c. Experimental results on the effect of K-shell
photoabsorption on transition radiation. The carbon (b) and aluminum
(c) spectra shou effects of K-shell photoabsorption with edges at 284
and 1560 eV, respectively. The beryllium (a) spectrum does not extend
lou enough in energy to shou the effect of its K-shell absorption edge
at 104 ev. The parameters of the foil stacks are given in Table I. The
electron-beam energy uas 54 MeV. The noise threshold of the detector

uas 200 eV for the carbon and aluminum measurements (see text).
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Figure 13 a,b,c. The measured angular distributions of transition
radiation emitted from an 18-foil beryllium stack for incident electron-
beam energies of 54, 25, and 17.2 MeV. The statistical uncertainties
are shoun as error flags for the 17.2-MeV case (part ¢); for the 54- and
25-MeV cases (parts a and b), the magnitude of the statistical
uncertainties was smaller than the plotted symbols.

Figure 14. The measured angular distribution of a split stack of 28
1.5~um-thick mylar foils. The radiation escaping from the stack in the
upper half plane (the peak on the 1left) is larger than that from the
louer half plane (the peak on the right). The energy banduidth is given
in the text.

Figure 15. The photon-energy spectrum of transition radiation from

the split stack of mylar foils. The angle of ohservation is 9.2 mrad in

the upper half plane (see Figs. 5 and 14).
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